Stripe motion artifacts caused by phase fluctuation in phase-resolved optical coherence tomography (OCT) result in the quality degradation of the image of in vivo blood flow of human eye. In order to suppress the stripe motion artifacts, we design a kind of frequency rejection filter aimed at the frequency spectrum characteristics of the image. Blood flow images of human eye acquired by our research group and another group are filtered to show the performance of the proposed method. Experimental results indicate that the stripe motion artifacts in the projection images are rejected significantly with minimal loss of signal information. The proposed filter can also be used in other imaging systems with similar stripe noise.
Optical coherence tomography (OCT) [1, 2] has become an increasingly important imaging technique for diagnostic applications and biomedical research, enabling the visualization of the internal structure of tissue in vivo with micron scale resolution. As an example, OCT can image the retina and quantitatively measure changes in the retinal nerve fiber layer thickness, enabling the diagnosis of glaucoma as well as the assessment of progression and response to therapy [3] . In addition to the imaging of the micro-structural features of the sample, OCT development has further evolved into phase-resolved technology, which can image in vivo blood flow in tissue by evaluating the phase information between adjacent A-line scans or B-scans [4−6] to aid the diagnosis and treatment for clinicians and physicians [7, 8] . Although OCT acquisition speeds of up to 1.37 million A-scans per second have been demonstrated for retinal imaging [9] , motion artifacts caused by the galvanometer positioning accuracy, system mechanical jitter, and especially the movement of the sample still exist for in vivo three-dimensional (3D) imaging of the human eye [10] . The motion artifacts lead to the distortion of the tissue structure image and the blood flow image within tissue beds, which may adversely affect image interpretation and analyze as well as limit the performance of OCT for ophthalmic in vivo imaging.
There have been many efforts to solve the motion artifact problem in structural OCT imaging. Software algorithm [10−13] based on A-scan, B-scan, or 3D volume data and methods based on additional hardware [14−16] have been used to compensate for axial motion or/and transverse motion. A number of hardware [17, 18] and postprocessing methods [19−21] have also been investigated to overcome the phase stable problem of the phase-resolved OCT. Given that the phase of the OCT signal is very sensitive to the movement between device and sample, in vivo blood flow imaging of human eye still shows residual stripe motion artifacts.
In this letter, we propose a kind of frequency rejection filter aimed at the frequency spectrum characteristics of the image in order to eliminate the stripe motion artifacts. We then demonstrate the effectiveness of the proposed method using en face images and intensity projection images of the 3D blood flow volume data of human eye.
The OCT system used to acquire blood flow image of human retina and choroids is shown in Fig. 1 , which is similar to a previously reported system [21] . The system used in this letter employed a super luminescent diode light source, with a central wavelength of 842 nm and provided a ∼8-µm axial resolution. The light was split into two paths in a fiber-based Michelson interferometer. One beam was coupled onto a stationary reference mirror, and the second beam was focused with a collimating lens, an objective lens, and an ocular lens at the posterior part of the eye with a theoretical lateral resolution of ∼16 µm. The focal spot on the sample was scanned using a pair of galvanometer mirror mounted in the sample arm. The light returning from the reference arm and the sample arm was sent to a homebuilt spectrometer, consisting of a 30-mm focal length collimator, a diffracting grating (1 200 lines/mm), an achromatic focusing lens with a 150-mm focal length and 1 024 element linear array CCD detector. A 2-cm water chamber was used in the reference arm to pre-compensate the wavelength dispersion effect caused by the human eye. The scanning pattern and method for processing the acquired data were based on an optical microangiography (OMAG) technique [22] . This technique allows the extraction of the 3D microvascular images. Briefly, in order to acquire original 3D volume data, we used two galvo-scanners (X scanner and Y scanner as displayed in Fig. 1 ) to raster-scan the focused beam spot across the sample with a scanning area of 2.5 × 2.0 (mm). A saw tooth waveform was used to drive the X scanner (for fast B-scan), and a step function waveform was used to drive the Y scanner (for slow C-scan). For a B-scan crosssectional image, 500 A-lines were captured with ∼5-µm spatial interval between adjacent A-lines. For the C-scan, the 2-mm scan range was evenly divided into 200 steps with a 10-µm spatial interval between them. In each step, five B-scan frames were captured and processed to extract one B-scan cross-sectional flow image. Each nonlinear spectral interferogram that represented an A-scan was rescaled into linear k-space followed by fast Fourier transform (FFT) to become A-line complex OCT signals (phase and amplitude) along the z axis. This can be written as
where A(x, z) and ϕ(x, z) are the amplitude and the phase of F (x, z), respectively, x is the lateral position of the probe beam, and z represents the coordinates along the imaging depth. In our system, the phase differences between adjacent A-lines of two B-scans in the same Cscan position can be expressed as
where ∆ϕ BF (x, z) is the phase term caused by the moving red blood cells, ∆ϕ M (x, z) is the phase term caused by the subject bulk motion, and ∆ϕ N is the random phase noise. The B-scan cross-sectional blood flow image were acquired when the bulk motion term ∆ϕ M (x, z) were eliminated through the application of a phase compensation method based on histogram estimation [22] . Five B-scan images acquired in the same C-scan position were used to produce four B-scan blood flow images, and these were averaged to improve the blood flow image quality. (Fig. 2(d) ) seriously deteriorate the image quality.
Figure 2(f) shows the logarithmic amplitude spectrum I(u, v) of the en face intensity projection image i(x, y) in Fig. 2(e) . As we noticed from the spectrum, the frequency components in the rectangular area encompassing frequency axis u = 0 have very high intensity, which are related to the stripe motion artifacts along the fast scanning direction (x direction) in the spatial domain. However, these frequency components cannot be removed completely, because they are also related to the useful signal information of the image. Therefore, according to the frequency spectrum characteristics of the image, including stripe motion artifacts, we design a kind of frequency rejection filter to eliminate the stripe motion artifacts in the blood flow image while preserving the useful signal information.
The transfer function F (u, v) of the frequency rejection filter is expressed as
where u and v are the frequency axes, respectively, and α is the filter rejection factor. We can obtain the relationship from Eq. (3), that is, the lower the rejection factor α is, the higher the suppression degree required to stripe motion artifacts. If a large factor α is selected, the stripe motion artifacts could not be removed completely. Inversely, if the factor α is too small, the stripe motion artifacts are removed and the signal information in the image is reduced. Figure 3(a) shows the amplitude frequency spectrum of the filter when the factor α is 0.47 and Fig. 3(b) is the 2D display along the frequency u direction shown in Fig. 3(a) . The filtered frequency spectrum of blood flow image is expressed as
The filtered image with minimal stripe motion artifacts acquired by inverse FFT can be obtained using
Figure 4(a) shows the filtered result of the original blood flow image (Fig. 2(e) ) when the filter factor α = 0.35. It can be observed that the stripe motion artifacts are almost rejected and the blood flow map within the retina is displayed clearly. Figure 4(b) shows the amplitude frequency spectrum of Fig. 4(a) , indicating that the frequency components related to the stripe motion artifacts are suppressed appropriately. In order to further demonstrate the effectiveness of the designed filter, we plotted the gray value of the line marked A in Fig. 4(a) before filtering (Fig. 5(a) ) and after filtering (Fig. 5(b) ). The red horizontal straight lines in Fig. 5(a) and the blue horizontal straight lines in Fig. 5(b) display the intensity of the stripe motion artifacts before filtering and after filtering, respectively. Comparing Figs. 5(a) and (b), the stripe motion artifacts is substantially rejected and the signal-to-noise ratio (SNR) of the blood flow image is improved. [23] and Fig. 6(b) shows the filtered result of Fig. 6(a) when filter factor α = 0.4. The stripe motion artifacts in Fig. 6(a) is also removed effectively. Figure 7 illustrates the change of the filter results of an en face blood flow image with the filter rejection factor α. The blood flow signal information may be partially removed (e.g., Figs. 7(b) and (c) ) or the stripe motion artifacts cannot be rejected completely (e.g., Fig.  7(e) and (f) ) when the factor α is not selected correctly. When the factor α is 0.3 ( Fig. 7(d) ), the stripe motion artifacts is suppressed effectively with minimal loss of blood flow signal information.
The filtered results of an en face blood flow image using proposed frequency rejection filter and other filter techniques are compared in Fig. 8 . Figure 8(b) shows the filtered result of Fig. 8(a) using DC removal through background subtraction method, in which the stripe motion artifacts still exists as indicated by the red arrow. Figure 8(c) shows the filtered result of Fig. 8(a) using the high pass filter with very low cut off frequency (DC removal) in the fast scanning direction. The blood flow signal information in the area indicated by the red circle is also removed by the filter, while suppressing the stripe motion artifacts. Obviously, the proposed frequency rejection filter can suppress the stripe motion artifacts effectively while preserving the blood flow signal information.
As a general rule, blood vessels branch in all directions, therefore, the rejection of the stripe motion artifacts along the fast scanning direction (x direction) by frequency rejection filter does not lead to the obvious loss of blood flow information. When large amounts of blood vessels are distributed in the similar direction (x direction) with the stripe motion artifacts, they have similar frequency components with the stripe motion artifacts in the frequency domain, leading to the loss of blood flow signal information when frequency rejection filter is used to remove the stripe motion artifacts. In this case, the sample must be scanned again with different scanning directions.
In conclusion, we design a frequency rejection filter model aimed at the frequency spectrum characteristics of the blood flow image in OCT. This model is used to remove the stripe motion artifacts caused by the galvanometer positioning accuracy, system mechanical jitter, and the movement of the sample. We demonstrate that the stripe motion artifacts in the blood flow image can be removed with a minimal loss of signal information. Furthermore, the SNR of the blood flow image can be obviously improved, which is very important in disease diagnosis and research based on blood flow map. Although a spectrometer-based OCT system is considered, the proposed method is also applicable to swept-source OCT system, full-field OCT system, and other rasterscan imaging system with similar stripe noise. The technique can also suppress stripe noise in any direction of the image after the filter is appropriately revised.
